We aim to review recent updates in the epidemiology of osteoarthritis, in particular risk factors for incident (primary) and progressive (secondary) knee osteoarthritis. We first review the descriptive epidemiology of knee osteoarthritis generally. We then review the recently published literature, with particular attention to modifiable risk factors for knee osteoarthritis. Specifically, we evaluate the evidence for primary prevention of incident osteoarthritis and secondary prevention of osteoarthritis progression. Finally, we highlight methodologic challenges in the study of risk factors for knee osteoarthritis.
Examination Survey (NHANES) III among adults aged 60 or older, the prevalence of radiographic knee osteoarthritis in African-Americans was 32.4 and 52.4%, respectively, whereas it was 26.8 and 36.2% in whites, respectively [1] [2] [3] . Additionally, specific individual radiographic features were noted to differ between African-Americans and whites, such as greater lateral joint-space narrowing of the knee among African-Americans [5, 6] .
The knee is among the most commonly studied joint affected by osteoarthritis. For the purposes of epidemiologic studies and clinical trials, tibiofemoral knee osteoarthritis is defined by a standardized radiographic grading system on the Kellgren and Lawrence grading scale of 0-4, with Kellgren and Lawrence grade at least 2 representing definite tibiofemoral osteoarthritis [7] . Whole knee osteoarthritis can be defined by radiographic osteoarthritis in the tibiofemoral and/or the patellofemoral joints. With the advent of magnetic resonance imaging (MRI), numerous joint structures previously not visualized on radiographs can be examined. To date, no MRI definition of osteoarthritis has been established, although individual structural lesions on MRI are well described, including cartilage lesions, osteophytes, bone marrow lesions, synovitis, effusion, and subchondral bone attrition. Symptomatic osteoarthritis is defined as the presence of radiographic osteoarthritis in combination with knee symptoms attributable to osteoarthritis. Not all individuals with radiographic osteoarthritis have concomitant symptoms. Thus, risk factors for structural disease and symptomatic disease may not be the same.
Recent insights into risk factors for incident radiographic knee osteoarthritis: opportunities for primary prevention
A number of risk factors have long been identified for incident osteoarthritis, including overweight or obesity, age, and female sex [1,8,9 ,10] . The prevalence of knee osteoarthritis has been shown to be higher among women than men in both NHANES III among those aged 60 or older (42.1 vs. 31.2%) and in the Johnston County Osteoarthritis Project among adults aged 45 or older (30.1 vs. 24.3%). A 2010 meta-analysis by Blagojevic et al.
[9 ] that included 85 studies reported that individuals who were obese or overweight have almost three times the risk of incident knee osteoarthritis compared with those who were normal weight. Those who were overweight but not obese had 2.2 times the risk of developing knee osteoarthritis compared with their normal weight counterparts. Furthermore, risk of incident knee osteoarthritis appears to increase with increasing BMI, regardless of knee alignment [11 ] . Thus, the totality of evidence suggests that weight is an important modifiable risk factor for incident osteoarthritis.
Knee injury has been shown to confer a four-fold increased risk of developing knee osteoarthritis [9 ] . Apart from sports-related injuries, it is possible that repetitive use of a joint can increase the risk for osteoarthritis. One potential mechanism may be through the association of certain occupational activities, which have been previously associated with knee osteoarthritis [12] , with meniscal tears. For example, in a recent study [13] of occupational risk factors for knee osteoarthritis, floor layers, who spend much time kneeling, were more likely to have degenerative meniscal tears than graphic designers without any knee demands. In another recent study by Englund et al. [14] , individuals whose knees had no cartilage lesions at baseline, presence of meniscal damage conferred a 10-fold increased risk for developing knee osteoarthritis over the ensuing 30 months [95% confidence interval (CI) 3.5-29]. Although the prevalence of meniscal abnormalities increases as the radiographic severity of knee osteoarthritis increases [15] , surgical intervention has not been shown to reduce these risks [16] . These studies support the importance of maintaining an intact meniscus to protect against development of osteoarthritis, with the implication that avoidance of knee injuries, whether sports or occupationally related, would be a rational primary preventive strategy.
Knee alignment, both static and dynamic, has important implications for load distribution within the knee. There have been conflicting findings regarding the effects of alignment on incident osteoarthritis [17, 18] , and a 2009 best evidence systematic review by Tanamas et al. [19] concluded there was lack of sufficient evidence to draw a conclusion. Knee malalignment may be a reflection of the severity of the disease, with joint space loss due to 186 Epidemiology and health-related services
Key points
Few risk factors for incident knee osteoarthritis have been identified, and even fewer for progressive knee osteoarthritis have been identified. Overweight/obesity, increasing age, female sex, and prior knee injury have all been associated with increased risk of incident knee osteoarthritis. Leg-length inequality and malalignment require further study regarding their potential association with incident knee osteoarthritis. Structural joint disorder contributes to knee pain and its fluctuation. Methodologic challenges have affected our ability to study osteoarthritis progression and symptomatic disease.
There is a need for ongoing epidemiologic and intervention studies for the prevention of incident and progressive knee osteoarthritis and related knee pain.
cartilage and meniscal abnormalities, and bony contour alterations occurring as part of the osteoarthritis disease process contributing to malalignment. However, more recently, Sharma et al. [20] reported that varus malalignment assessed by full-limb radiographs increased the incidence of radiographic knee osteoarthritis using data from the Multicenter Osteoarthritis (MOST) Study, a longitudinal study of approximately 3000 individuals aged 50-79 at baseline with or at high risk of knee osteoarthritis who have been followed for 5 years to date. No study to date has evaluated the effects of malalignment on incident osteoarthritis among individuals without any MRI-based knee osteoarthritis lesions at baseline.
Leg-length inequality (LLI) is an easily modifiable abnormality that can affect lower extremity biomechanics. Persons with LLI of at least 2 cm in the Johnston County Osteoarthritis Project were almost twice as likely to have prevalent radiographic knee osteoarthritis, but no such association was noted for incident knee osteoarthritis [21 ,22] . Similar findings were noted in another study [23 ] using data from the MOST Study, in which persons with LLI of at least 1 cm were almost twice as likely to have prevalent radiographic knee osteoarthritis [odds ratio (OR) 1.9, 95% CI 1.5-2.4] in the shorter limb. An association with incident radiographic knee osteoarthritis was not found in that study, although LLI was associated with incident symptomatic knee osteoarthritis. Such discrepant findings were also noted for low knee extensor strength, which was associated with incident symptomatic knee osteoarthritis, but not with incident radiographic osteoarthritis [24] . It is possible that the difference may be related to the patellofemoral joint being included in the evaluation of incident symptomatic whole knee osteoarthritis, but not included in the definition of incident radiographic tibiofemoral osteoarthritis in both of these studies.
Factors with potentially systemic effects have also been associated with incident knee osteoarthritis. Nevitt et al. [25 ] recently confirmed the previous observation that higher systemic bone mineral density (BMD) was associated with an increased risk of incident osteoarthritis. Those in the highest quartiles of femoral neck and whole body BMD both had 2.3 times higher odds of incident radiographic knee osteoarthritis. Whether this finding is related to factors contributing to bone remodeling or peak bone mass that may be genetically determined [26] , or whether the higher systemic BMD represents higher BMI load over the years prior to osteoarthritis onset, itself a strong risk factor for osteoarthritis, is not clear.
Insights from an animal ecology study [27 ] highlight the importance of the systemic effects of nutrition in early life as a potential contributor to osteoarthritis susceptibility. However, the effects of readily modifiable dietary factors in humans have been inconclusive. Studies of the relationship between vitamin D and knee osteoarthritis have been conflicting [28, 29] . Vitamin K, which has potential bone and cartilage effects, has been associated previously cross-sectionally with osteoarthritis, and recently with incident radiographic knee osteoarthritis and MRI-based cartilage lesions [30] [31] [32] [33] . However, further studies are required to clarify the association between dietary factors and incident knee osteoarthritis. C-reactive protein (CRP), a biomarker of systemic inflammation, has been inconsistently associated with incident knee osteoarthritis. A recent study [34] found no association between CRP and incident knee osteoarthritis, largely explained by the confounding effects of BMI. Additionally, CRP genetic variation was not associated with incident knee osteoarthritis.
Although genetic studies generally focus on prevalent knee osteoarthritis, they do provide some insight into potential pathophysiologic pathways that can contribute to knee osteoarthritis risk, and provide potentially rational targets for future therapeutic strategies. The gene for GDF5, which encodes the growth differentiation factor 5, a bone morphogenetic protein expressed in skeletal and articular structures, has been associated with osteoarthritis in recent meta-analytic studies based upon data from numerous cohorts comprising thousands of cases and controls, which have also identified LRCH1 and FRZB as additional promising candidates [35] [36] [37] . Although the biologic function of the protein encoded by LRCH1 is not well understood, FRZB encodes frizzledrelated protein, which is involved in the Wnt signaling pathway and considered to potentially be important in osteoarthritis as it can influence chondrocyte differentiation and cartilage function. A locus on chromosome 7q22 has also been recently associated with knee osteoarthritis [38] . Further work linking genetic findings to potential mechanisms of osteoarthritis pathogenesis is needed.
Recent insights into risk factors for radiographic osteoarthritis progression: opportunities for secondary prevention
In contrast to incident radiographic knee osteoarthritis, few risk factors for knee osteoarthritis progression have been identified [39] . Most risk factors for incident knee osteoarthritis, particularly systemic factors, have not been associated with progressive osteoarthritis. For example, higher BMD was associated with incident knee osteoarthritis, but it was not associated with progressive osteoarthritis in the same study [25 ] . Niu et al. [11 ] have shown that high BMI was not associated with progressive radiographic knee osteoarthritis, although it increased the risk of incident knee osteoarthritis, and its effect seemed to be modified by malalignment. However, using the same data, Zhang et al. [40 ] demonstrated that high BMI increased the risk of both mild radiographic osteoarthritis (Kellgren and Lawrence grade 2) and moderatesevere radiographic osteoarthritis (Kellgren and Lawrence grade 3 or 4) among knees that were Kellgren and Lawrence grade 0 at baseline, respectively. As knees that develop Kellgren and Lawrence grade 3 or 4 over time must have gone through the Kellgren and Lawrence grade 2 stage, this approach provides indirect evidence that obesity not only increases risk of incident osteoarthritis, but it also accelerates osteoarthritis progression. A well conducted NIH-funded randomized placebocontrolled trial of vitamin D 800 IU per day for 2 years from Tufts Medical Center among 146 participants with established knee osteoarthritis did not demonstrate a beneficial effect on cartilage loss or bone marrow lesions as assessed by MRI [41] .
Knee malalignment is one of the strongest predictors for progressive knee osteoarthritis [20] . However, no study to date has documented slowing of disease progression if alignment is corrected. Interestingly, in post-hoc analysis of data from a randomized placebo-controlled trial of doxycycline (100 mg twice daily) conducted at six clinical centers in the United States among 431 obese middleaged women with unilateral knee osteoarthritis, varus malalignment was found to negate the potential chondroprotective effects of doxycycline [42 ] .
Recent insights into risk factors for knee pain
The study of knee pain is challenging. Clinically, symptoms related to knee osteoarthritis are known to be activity-related in early stages, progressing to more persistent symptoms in late stages of disease that are punctuated with intermittent increased pain [43] . In the MOST Study, approximately 40% of individuals had inconsistently frequent knee pain (that is, they stated they had frequent knee pain during only one of the two occasions they were asked on average 30 days apart). These individuals with inconsistently frequent knee pain also had less severe radiographic osteoarthritis, less depressive symptoms, and less widespread pain [44] . In the Longitudinal Examination of Arthritis Pain, an observational cohort study [45] of 287 adults with hip or knee osteoarthritis in which pain assessments were conducted weekly over 12 weeks, psychological factors fluctuated with pain severity, supporting an important link between the pain experience and psychological state. Indeed, because numerous factors, many of which are unmeasurable, can contribute to the pain experience, such as genetics, sociocultural environment, medications, among others in addition to psychological factors, a so-called 'structuresymptom' discordance is often described in osteoarthritis.
However, when such between-person variability and confounding factors are accounted for by using a within-person knee-matched study design (in which one knee has pain, whereas the other does not), a strong association between radiographic severity and presence of frequent knee pain, consistent knee pain, and severity of knee pain can be discerned, even at the earliest stages of radiographic knee osteoarthritis (Fig. 1) [46 ] . Such findings indicate that certain structural lesions within the knee may be a cause of knee pain. Furthermore, specific MRI features of osteoarthritis that can change over time, including bone marrow lesions, synovitis, and effusions, have been associated with knee pain fluctuation [47 ] . As structural lesions worsened, the likelihood that the knee would be painful increased. Similarly, a decrease in the structural abnormalities of a knee was associated with that knee's pain having subsided. A systematic review [48] of 22 studies indicated that the preponderance of evidence favors an association of MRI-detected bone marrow lesions and synovitis with the pain experience of osteoarthritis, supporting further study into these abnormalities for rational therapeutic targeting.
Methodologic challenges in the study of incident and progressive radiographic knee osteoarthritis
A number of methodologic challenges in the study of incident and progressive radiographic knee osteoarthritis 188 Epidemiology and health-related services Figure 1 Associations of frequent knee pain with Kellgren and Lawrence grade among individuals with two knees discordant for frequent knee pain status
The number of case knees (those with frequent knee pain) and control knees (those without frequent knee pain) are shown beneath the graph for each Kellgren and Lawrence grade. Note that the Y-axis is logarithmically scaled. Data shown are from the Multicenter Osteoarthritis (MOST) Study and Framingham Osteoarthritis study. KL, Kellgren and Lawrence; OR, odds ratio. Reprinted from [46 ] . may contribute to difficulties in identifying risk factors for both. We review a few of these issues below.
Distribution of radiographic grade of knee osteoarthritis
In observational studies of incident radiographic osteoarthritis, eligible knees for study include those that are either Kellgren and Lawrence grade 0 (no early evidence of radiographic changes) or Kellgren and Lawrence grade 1 (preradiographic osteoarthritis). A knee that starts at Kellgren and Lawrence grade 1 will more rapidly progress to Kellgren and Lawrence grade 2 than a knee that is Kellgren and Lawrence grade 0. If the distribution of Kellgren and Lawrence grade 0 and Kellgren and Lawrence grade 1 varies by categories of the risk factor being studied, it could lead to potential bias. However, such an issue is avoided in a clinical trial by randomization.
'Depletion of susceptibles'
Most risk factors for osteoarthritis are chronic factors such as obesity, LLI, or BMD. These chronic factors are likely to be present long before individuals are enrolled into a study. If those chronic risk factors have already caused a substantial proportion of individuals to develop knee osteoarthritis, then it is quite possible that participants who are still exposed to such a risk factor without yet having developed osteoarthritis are less susceptible to knee osteoarthritis than are individuals who have never been exposed to such a risk factor. For example, longstanding exposures such as obesity may have caused osteoarthritis at an earlier age than those being studied, particularly in studies of older adults, but that true effect cannot be discerned as those individuals who already have knee osteoarthritis are excluded from studies of incident disease. In contrast, individuals who have been obese for a long time and who are free of osteoarthritis at the study onset may in fact be less susceptible to developing osteoarthritis. Thus, observational studies evaluating the association between a chronic exposure and incident knee osteoarthritis may not be able to detect the true magnitude of effect. Such a phenomenon has been observed in other fields. For example, most studies that have assessed BMI in midlife (in one's 40s, 50s, and 60s) show that higher BMI is associated with an increased risk of death over the subsequent decades (in one's 60s, and 70s, and 80s). However, many investigations of BMI at age at least 70 find less clear associations with mortality [49] . One potential explanation for such findings is depletion of susceptibles among the elderly. Such an issue has seldom been raised in osteoarthritis research for evaluation of chronic exposures. Studies have demonstrated that the risk of knee radiographic osteoarthritis increases rapidly around middle 50s to 60s. If osteoarthritis studies consist of a large proportion of individuals who are older than the typical age of onset, the overall effect of a specific chronic risk factor is likely to be underestimated due to depletion of those who were susceptible to osteoarthritis. Thus, when assessing the effect of chronic risk factors on incident knee osteoarthritis, one may consider studying individuals earlier in their course of their exposure to those risk factors, such as including a relatively large proportion of individuals in their early 50s so that the effect of the risk factor of interest can be more easily discerned.
Potential discordant findings for risk factors for incident and progressive knee osteoarthritis Some risk factors associated with incident disease are not associated with or are even paradoxically protective against progressive osteoarthritis. In observational studies of osteoarthritis progression, eligible knees consist of those that already have knee osteoarthritis, that is, Kellgren and Lawrence grade 2 or Kellgren and Lawrence grade 3. Here again, the knees included at baseline are a 'mixture' of differing degrees of severity that may vary among exposed and nonexposed groups. Furthermore, the outcome is also heterogeneous: knees that progress from Kellgren and Lawrence grade 3 to Kellgren and Lawrence grade 4 are considered the same as those that progress from Kellgren and Lawrence grade 2 to Kellgren and Lawrence grade 3 or to Kellgren and Lawrence grade 4. Thus, Kellgren and Lawrence grade 3 knees are eligible for study entry, but Kellgren and Lawrence grade 3 also defines a study endpoint. Finally, studies of osteoarthritis progression are, in essence, conducted to assess an association between a risk factor that causes osteoarthritis initiation to progress to more severe osteoarthritis. This results in conditioning on an 'intermediate' stage of osteoarthritis when assembling the study sample, that is, by limiting the study sample to those who had mild-to-moderate knee osteoarthritis at baseline, which would block the potential effect of a risk factor on the risk of osteoarthritis progression [40 ] .
Conditioning on an intermediate stage of osteoarthritis can also result in collider bias. For example, in a hypothetical study of obesity as a risk factor for progressive radiographic osteoarthritis, the assembled knees with Kellgren and Lawrence grade 2 or Kellgren and Lawrence grade 3 would be divided into those knees that belong to obese persons and those that belong to nonobese persons. Those knees with osteoarthritis among the nonobese participants must have developed osteoarthritis due to some other risk factors. Without accounting for those risk factors that led to the development of osteoarthritis in those knees, the results of the study will be confounded and will tend to be negatively biased (toward the null).
Conclusion
Osteoarthritis is a common disease, contributing importantly to functional limitations and disability, particularly in older adults. Currently, modifiable risk factors with sufficient evidence to support intervention for primary prevention of knee osteoarthritis include weight loss and avoiding knee injury. Methodologic challenges have hindered our ability to understand disease etiology, particularly for osteoarthritis progression and symptomatic disease. Therefore, prevention of osteoarthritis remains challenging. This review of the recent literature supports the need for ongoing epidemiologic and intervention studies for the prevention of incident and progressive knee osteoarthritis, as well as knee pain related to osteoarthritis, with an eye to adopting novel approaches to circumvent some of the methodologic challenges identified.
